The -interaction between pyrene molecules and single-walled carbon nanotubes (SWNTs) or multi-walled carbon nanotubes (MWNTs) was studied by fluorescence, FTIR, Raman spectroscopy and molecular simulation. The carbon nanotubes were incubated in pyrene solution and dried for characterization. A broadband fluorescence emission at 463 nm of the incubated samples was observed, which is similar to that of pyrene excimers but shifts to shorter wavelength. The typical FTIR bands of pyrene shift to lower wavenumbers in the incubated samples. D-and G-bands in Raman spectra of SWNTs also shift to low frequencies. All these spectroscopic evidences reveal the stronger -stacking interaction between the nanotubes and pyrene molecules over the pyrene dimers, which leads to the formation of pyrene-carbon nanotube complexes. The systems of SWNTs and pyrene molecules were also studied with molecular simulation. It was found from the binding energy calculation that a stronger interaction presents between the pyrene molecule and the nanotube. In addition, the simulation gives some structural information about the pyrene-nanotube complex, such as the staggered conformation of pyrene on nanotube. The effect of defects in carbon nanotube sidewall was also discussed.
INTRODUCTION
Carbon nanotube has been one of the most actively studied materials because of its unique structural, mechanical, and electronic properties and its potential application in various areas. 1 For example, the remarkable electronic properties of single-walled carbon nanotubes (SWNTs) and multi-walled carbon nanotubes (MWNTs) render them attractive candidates for the wiring or/and functional components of nano-devices and nanocircuits. 1 2 Many carbon nanotube-based devices, such as field-effect transistors (FET) 2 and chemical sensors, 3 4 have been demonstrated, and such devices can be modified by the chemical functionalization of carbon nanotubes. 5 Recent research has extended to the modification of carbon nanotubes through covalent [6] [7] [8] [9] and noncovalent [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] methods. The noncovalent method is of particular interest because it typically preserves the sp 2 hybridization of the carbon atoms and the network of the nanotubes and, consequently, the unique electronic properties of the tubes. The noncovalent * Author to whom correspondence should be addressed. functionalization has been used to improve carbon nanotubes' solubility in organic solvents 10 and in water, 11 to modify their electronic properties, 12 13 and to link nanotubes with other functional species so as to implement their further functionalization. [14] [15] [16] [17] [18] [19] [20] [21] Most of the noncovalent approaches used in the functionalization of carbon nanotubes made use of compounds with extensive systems which can form -stacking complexes with the nanotube sidewall surfaces. Electronic measurements about the effect of mono-substituted benzenes on the FETs fabricated with semiconducting SWNTs confirmed the interaction between the aromatic compounds and the carbon nanotubes. 22 DFT (Density Functional Theory) calculation demonstrated the coupling of electrons between the nanotube and the aromatic molecules. 23 These results show that noncovalent functionalization of carbon nanotubes by aromatic molecules is an efficient way to modify the chemical and electronic properties of carbon nanotubes.
It is noticeable that pyrene derivatives attract much attention in noncovalent functionalization because the pyrenyl group, being highly aromatic in nature, strongly interacts with the sidewalls of carbon nanotube via -stacking interaction. 11 16-19 24 For example, N-succinimidyl-1-pyrenebutanoate can irreversibly adsorb onto the surfaces of SWNTs and subsequently immobilize various biological molecules onto the nanotubes with a high degree of control and specificity. 16 Gold nanoparticles can also be self-assembled onto the surface of the carbon nanotubes through an interlinker of 17-(1-pyrenyl)-13-oxoheptadecanethiol (PHT). 17 1 H NMR results 11 and UV-Vis absorption spectroscopy 17 had given evidences of the interaction between the nanotube sidewall and the pyrene derivatives, but a more fundamental understanding of the interaction between carbon nanotubes and pyrenyl group is still expected.
Pyrene, as an effective fluorescence probe, has been widely used to determine the critical micelle concentrations of surfactants 25 and to investigate the polymerization of the monomers. 26 In this study, we chose pyrene as a typical example to study the -stacking interaction between the carbon nanotubes and the aromatic modifiers. The fluorescence, FTIR, and Raman spectra were used to examine the formation of the complexes. Then we used molecular simulation to explore the interaction between the pyrene molecules and the carbon nanotubes as well as the structural details of the complex formed by them.
METHODOLOGY

Experimental Section
SWNTs and MWNT arrays directly grown on silicon wafers were used. SWNTs were prepared by chemical vapor deposition (CVD) at 900 C using uniform Fe-Mo molecular nanoclusters on silicon wafer as catalysts and methane as carbon feedstock following the method Liu et al. reported. 27 Arrays of MWNTs were synthesized by CVD method using Fe as catalyst and acetylene as carbon feedstock at 750 C. The silicon wafers with as-grown SWNTs or arrays of MWNTs were incubated in 10 ml pyrene solution (10 mm in cyclohexane) for 1 h at room temperature, and then rinsed thoroughly with cyclohexane to remove non-specific adsorption, and at last air-dried overnight.
We also used powder samples. The SWNT powder were obtained by CVD method, 28 and used without purification. The MWNT powder (>95%) was bought from Shenzhen Nanotech Port Co. Ltd. About 50 mg powder sample was dispersed in 40 ml pyrene solution (10 mm in cyclohexane) by ultrasonication, and then stirred overnight. After that, the powder sample was centrifuged and washed in cyclohexane three times, and finally air-dried overnight.
Fluorescence spectra were recorded on an F-4500 Fluorescence Spectrophotometer (HITACHI) with the excited wavelength of 335 nm. FTIR spectra were performed on a Nicolet MAGNA-IR 750 Spectrometer. Raman spectra were measured using a Renishaw Ramanscope excited at 633 nm (1.96 eV, He-Ne laser) with a typical resolution of 2 cm −1 . Characterizations (SEM, AFM, TEM, and Raman) of SWNT and MWNT samples used in the experiment are shown in Supporting Information.
Molecular Simulation
All molecular mechanics (MM) and molecular dynamics (MD) calculations were performed using Materials Studio 3.0 program. Constant volume MD simulations are used only in the initial stages as a test case for obtaining rough estimates about the equilibrium structure. Then MM optimization was performed using the rough estimated geometry as initial model to produce the equilibrium configuration and calculate its potential energy.
Three kinds of forcefield were examined in this study including PCFF (Polymer Consistent Forcefield), 29 30 COMPASS (Condensed-Phase Optimized Molecular Potentials for Atomistic Simulation Studies) 31 32 and CVFF (Consistent-Valence Forcefield). 33 PCFF is based on CFF91, 34 extended so as to have a broad coverage of organic polymers, inorganic metals, and zeolites. COMPASS is a new version of PCFF, and has the same functional form as PCFF, differing mainly in the range of functional groups to which they were parameterized (and therefore, having slightly different parameter values).
CVFF is a classic forcefield having some anharmonic and cross term enhancements. As the traditional default forcefield in the program, it has been used extensively and can be considered well tested and characterized. CVFF was parameterized to reproduce peptide and protein properties.
CVFF handles electron delocalization in aromatic rings by means of bond increments. It has a quite different functional form compared with PCFF and COMPASS. For example, a Morse potential is used for the bond-stretching term. Morse potential is computationally more expensive than the harmonic form used in PCFF and COMPASS, and therefore is more accurate.
The Dynamics and Minimizer modules were used to optimize the structures and calculate the energies of different simulation systems. Both electrostatic potential and van der Waals interactions were calculated in atom-based cut-off method. MD simulations were carried out in NVT (constant-volume/constant-temperature dynamics) ensemble with a time step of 1 fs. The dynamics were modified to allow the system to exchange heat with the environment at a controlled temperature, while the temperature was controlled using the Hoover-Nosé thermostat method with a relaxation time of 0.2 ps. The simulations were performed at 300 K.
We chose two kinds of SWNTs, i.e., (5, 5) and (10, 0) nanotubes, which were obtained directly from the structure-base of the program. Their unit structures comprise 20 and 40 carbon atoms and the lengths are 2.44 and 4.22 Å, respectively. When used, the unit structure was magnified by several times to give one SWNT with certain length. We designed two models to examine the binding energy and the binding conformation. The first model contained two pyrene molecules arranged in eclipsed conformation with a 4 angstroms' separation as the original geometry. The second model contained a (5, 5) or (10, 0) nanotube and a pyrene molecule upon the nanotube' sidewall with its longitudinal axis paralleled to the nanotube's axis. The distance between the nanotube and the pyrene molecule was also about 4 angstrom. The binding energies were calculated according to the following formulas:
3. RESULTS AND DISCUSSION
Spectroscopic Characterization
Fluorescence Spectroscopy
Pyrene is a condensed aromatic hydrocarbon which shows significant fine structure (vibronic bands) in its monomer fluorescence spectra in solution phase. 25 When the concentration is high, pyrene molecules are inclined to form faceto-face excimer, and exhibit a broadband emission centered at 470 nm. 35 The fluorescence spectra of pyrene solution were shown in Figure 1 (a). The 0.1 mm pyrene solution in cyclohexane exhibits five dominant peaks, centered at 374, 385, 390, 394, and 406 nm, respectively; while the 0.1 M pyrene solution in cyclohexane exhibits a broadband emission centered at 469 nm.
The silicon wafer with SWNTs grown on it exhibits no emission at all before incubation, but exhibits weak emission centered at 395 nm and strong, broadband emission at 463 nm after being incubated in pyrene solution ( Fig. 1(a) ). Compared with pyrene excimer, the complex of SWNTs and pyrene molecules exhibits similar broadband emission, but the peak position shifts for 6 nm. Considering pyrene molecule and nanotube sidewall are both conjugated benzene ring structure, the complex they formed by -stacking interaction should be similar to the dimer of pyrene molecules, and therefore exhibits similar broadband emission when excited. The six-nanometers' blue shift may be caused by the stronger -stacking interaction in the pyrene-carbon nanotube complexes. Similar peak shift of pyrene when adsorbed on carbon nanotubes also happened in the samples of MWNTs array directly grown on silicon wafer, and powder samples of SWNTs and MWNTs (Figs. 1(b-d) ).
As shown in Figure 1 , characteristic fluorescence emission of pyrene monomer at 374-406 nm was reduced or even disappeared. This fluorescence quenching by carbon nanotubes had been reported in literatures. 17 36 37 The photoluminescence quenching of pyrene singlet excited state by the SWNT sidewall was attributed to the static quenching due to the formation of ground state complex and excited state complex between pyrene molecules and nanotubes. 17 
FTIR Spectroscopy
IR spectra of SWNT and MWNT powders before and after being incubated in pyrene solution are shown in Figure 2 . We can see from FTIR spectrum of pyrene that there are strong peaks at 841 and 710 cm −1 , which are attributed to C-H wagging vibration. 38 These two bands appeared in FTIR spectrum of MWNTs incubated with pyrene ( Fig. 2(b) ). However, they shifted to 837 and 706 cm −1 , respectively. The red-shift of these two bands was caused by the stronger -stacking interaction in the pyrene-nanotube complex than in pyrene dimers, and consequently the loosening of the C-H bond in the complex. For SWNTs (Fig. 2(a) ), as the main bands of pyrene are overlapped with those of SWNTs, it's very difficult to observe the changes of the spectra. Anyway, we can still find that the peaks were broadened, split (e.g., the band at 1125 cm the incubated samples. This also indicates the interaction between pyrene molecules and SWNTs.
Raman Spectroscopy
Resonance Raman spectroscopy has played an important role in the characterization of carbon nanotubes. The relative intensity of D-band and G-band are used to estimate the quality of the carbon nanotubes. Radial Breathing Mode (RBM) provides useful information to count the diameter distribution in SWNTs bundles. 39 40 Strong RBM peaks at 192, 211, and 224 cm −1 and weak peaks at 143, 286, 345, and 423 cm −1 are present in the spectrum of the SWNT powder sample (Fig. 3(a) , dash line). They show a broad tube diameter distribution ranging from 0.58 nm to 1.74 nm in the raw sample. After being incubated in pyrene solution, the RBM region changed a lot, some of the peaks disappeared and others shifted ( Fig. 3(a) solid line). This shows again the strong interaction between the SWNTs and pyrene molecules. 41 Figure 3(b) shows that both D-and G-bands of SWNTs shift to lower frequencies after being incubated. This also should be caused by the interaction between pyrene molecules and carbon nanotubes.
Interactions of Pyrene Molecules and Carbon Nanotubes
According to the experimental results above, we know that pyrene molecules and carbon nanotubes can form complexes. However, it is very difficult for common experimental techniques to provide the explicit structural information of the complex formed by pyrene molecule and the nanotube. Under such circumstances, theoretical approaches can be very helpful in giving some insight. Using molecular simulation, we tried to understand the -stacking interaction between the pyrene molecules and the carbon nanotubes and the structure of the complex in details.
Choosing Forcefield and Nanotube Length
By magnifying the length of the (5, Three kinds of forcefield were examined in this part including PCFF, COMPASS, and CVFF. The second model contained a (5, 5) or (10, 0) nanotube and a pyrene molecule upon the nanotube' sidewall was used here to calculate the binding energy via formula (1) .
We can see from Figure 4 that the binding energy of one pyrene molecule interacting with a (5, 5) nanotube goes to more negative values along with the increasing of the nanotube length at the beginning, and doesn't change much when the length of nanotube is larger than 19.52 Å (length of 8 times of the unit). As the adsorbed pyrene molecule only affects the neighboring carbon atoms on carbon nanotubes, and does not affect carbon atoms out of its effective range. So the binding energy keeps fixed value when the tube length is larger than 19.52 Å. Therefore, we chose (5, 5) nanotubes with the length of 19.52 Å in the following binding energy calculation. As different functional forms or parameters were used in different forcefields, it is understandable that the calculated energy of the system depends on the applied forcefield.
Comparison between absolute values of the energy calculated in different forcefields is meaningless, and what we are more interested in is the energy changes. For CVFF, the energy changes more sharply compared with PCFF and COMPASS forcefield. As stated above, CVFF handles electron delocalization in aromatic rings by means of bond increments and uses a more accurate Morse potential to calculate the bond-stretching term. So CVFF might be more suitable for the system of pyrene molecules interacting with carbon nanotubes, and was chosen in the following simulation.
Comparing the Binding Energies
According to the discussion above, when the (5, 5) nanotube is longer than 19.52 Å, the binding energy approaches to a fixed value. Then accordingly, (10, 0) nanotube with the length of 21.1 Å (5 times of unit length) should be suitable for being used in the comparison of the binding energy with the (5, 5) nanotube system. Binding energies calculated via formula (1) and (2) are listed in Table I . Data calculated with PCFF and COMPASS forcefield are also listed for comparison.
As shown in Table I , the absolute value of binding energy of the pyrene dimer is much less than that of a pyrene molecule with a (5, 5) or (10, 0) nanotube whether in CVFF, PCFF, or COMPASS forcefield. Ab initio calculation 24 also showed that the interaction energy of pyrene-(10, 0) SWNT is slightly higher than that of pyrene-pyrene. This means that the pyrene-CNT complex presents lower potential energy than the pyrene dimer. Therefore, pyrene molecules in solution are inclined to interact with nanotubes and form complexes rather than assemble by themselves. And the (5, 5) and (10, 0) nanotubes are not discriminable when interacting with pyrene molecules as shown from their almost equivalent binding energy.
Adsorption Manner of Pyrene Molecules
As stated in experimental section, 50 mg SWNT powder was dispersed in 40 ml pyrene solution (10 mm), that is a 1.3 : 1 mole ratio of SWNT unit to pyrene molecules, counting a SWNT unit as 4 hexagon ring (same as the pyrene structure). This means that the pyrene molecules are sufficient enough to cover the out surface of the nanotubes. So we studied the adsorption manner of many pyrene molecules onto one nanotube. The adsorption manner of a single pyrene molecule on the nanotube was not discussed here.
We designed two models containing a (5, 5) nanotube with 5 and 10 pyrene molecules respectively according to the face-to-face conformation. After MD simulation, we can see from the optimized geometries ( Fig. 5(a) ) that the five pyrene molecules adsorb on the (5, 5) nanotube sidewall surface and form a pentagon ring. This pattern is reasonable considering the diameter of a (5, 5) nanotube and the size of a pyrene molecule. Similarly, the optimized model containing ten pyrene molecules has two parallel adsorption-pentagon-rings (Fig. 5(b) ). And Figure  5 (c) shows that the optimized geometry is not an eclipsed conformation, carbon atoms in pyrene and in carbon nanotube was staggered.
As the diameter of a (10, 0) nanotube is larger than that of a (5, 5) nanotube, the six pyrene molecules form a regular arrangement with adsorption-hexagon-ring on a (10, 0) nanotube in the optimized geometry (Fig. 5(d) ). Similarly, we can see from the binding manner (Fig. 5(e) ) that the skeletons of pyrene molecules and SWNT were also staggered. It can be seen that in both (5, 5) and (10, 0) nanotube systems, the optimized geometries are not eclipsed conformations, and there is a shift of the pyrene molecule along the nanotube axis. We can see from the optimized geometry that the shift extent is approximate 1/3 to 1/2. This was also found from the ab initio calculation. 24 
Interactions of Pyrene Molecules and Defective Nanotube
Both SWNTs and MWNTs contain a variety of defects, and defective nanotubes often display distinct character from perfect nanotubes. For example, Mercuri et al. 42 reported that the presence of defects affected the gas-sensing properties of the carbon nanotube thin films. We introduced two kinds of common topological imperfections, that is, pentagon-heptagon pair defect and vacancy defect, 43 into our simulation to examine the role of defects on the adsorption properties of pyrene molecules to the nanotube.
Interactions of Pyrene Molecules and a Nanotube with 5-7 Defects
We used a (5, 5) nanotube with the length of 43.9 Å and a (10, 0) nanotube with the length of 42.2 Å to represent two kind of typical SWNTs. A pentagon-heptagon (5-7) pair defect was added in the middle of the (5, 5) and (10, 0) nanotube, and the defect ratios are 0.28% and 0.25% respectively. In the original geometry, two eclipsed pyrene molecules overlapped onto the defect site. And separations between the two pyrene molecules and that between the pyrene molecule and the nanotube are both 4 angstroms. Then MD simulation and MM optimization were performed on this original geometry. Figure 6 (a-d) shows the initial and optimized geometries of the (5, 5) and (10, 0) defective nanotube systems. In both systems, the two overlapped pyrene molecules originally located upon the defect site separated and moved onto the intact nanotube sidewall (Fig. 6(b and d) ). The equilibrium conformation is reasonable considering that the presence of 5-7 pair defect destroys the conjugate framework of the nanotube, and pyrene molecules are inclined to interact with the integrated hexagon network.
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We added 40 5-7 pair defects into the (5, 5) nanotube with the length of 41.5 Å and got a highly defective nanotube (defect ratio: 11.8%). The original geometry contained the defective nanotube and two pyrene molecules. One pyrene molecule was close to the nanotube with a distance of 4 angstrom, and the other one was far away from the nanotube with a distance of 20 angstrom (Fig. 6(e) ). After optimization, the pyrene molecule close to the nanotube sidewall surface moved away from it and becomes closer to the other pyrene molecule (Fig. 6(f) ). That is to say, pyrene molecules are inclined to form dimer rather than to interact with the defective nanotube to form complex.
Interactions of Pyrene Molecules and a Nanotube with a Vacancy
Similarly, a vacancy defect was added in the middle of the (5, 5) nanotube with the length of 43.9 Å and the (10, 0) nanotube with the length of 42.2 Å. And the MD simulation and MM optimization were performed. Figure 7 shows the initial and optimized geometries of the (5, 5) and (10, 0) nanotube systems. In both systems, the two overlapped pyrene molecules originally located upon the defect site separated and moved onto the intact nanotube sidewall (Fig. 7(b and d) ).
On all accounts, simulation results for nanotube with 5-7 and vacancy defects show that pyrene molecules are inclined to interact with the integrated hexagon network of carbon nanotube sidewall, and defects in the sidewall weaken the interaction between pyrene molecules and carbon nanotubes. Effect of defects to the adsorption of pyrene molecules needs further experimental investigations.
SUPPORTING INFORMATION
Energy Calculation for PCFF and COMPASS:
Energy Calculation for CVFF: 
CONCLUSIONS
In pyrene-carbon nanotube systems, the fluorescence band of pyrene dimer shifts to shorter wavelength, the typical C-H wagging vibration bands of pyrene in FTIR spectra and the D-and G-bands of SWNTs in Raman spectra both move to lower frequencies. These results all show that pyrene molecules have the strong tendency to adsorb onto the carbon nanotubes either in solid powder form or on surfaces. The binding energies calculated from molecular simulation shows that the complex of pyrene with carbon nanotube is more stable than that between two pyrene molecules. This confirms that pyrene molecules are inclined to interact with the nanotube and form complex rather than assemble by themselves. The simulation also gave detailed structure information of the complex. The pyrene molecules formed adsorption-pentagon-ring and adsorption-hexagon-ring with different orientations on the (5, 5) and (10, 0) nanotube sidewall surface, respectively. And the optimized geometry of the complex was staggered conformation. Two common topological imperfections, that is, pentagon-heptagon pair defect and vacancy defect were introduced to the nanotube sidewall, and the simulation results show that the presence of defects weakens the interaction between pyrene molecules and carbon nanotubes. These results help us to build a whole picture about the noncovalent interaction of pyrene molecules with carbon nanotubes.
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